The investigation was undertaken to evaluate the direct stimulatory effects of neurohypophyseal hormones upon adenylate cyclase activity in a cellfree, particulate fraction derived from the kidney medulla of various mammalian species. The relative affinity of neurohypophyseal hormones for the receptor component of the adenylate cyclase system (as defined by the concentration of hormone required for half-maximal stimulation) had the order [8-argininel-vasopressin > [8-lysinel-vaso-pressin >> oxytocin (AVP > LVP >> OT) for rat, mouse, rabbit, and ox; in the pig, the order was LVP > AVP >> OT. The relative affinities of the three hormones in rat and pig cyclase systems were found to correspond with the relative antidiuretic potencies of these hormones in the intact rat and pig. These findings show that the renal receptor for neurohypophyseal hormones in a particular species exhibits the highest affinity for the specific antidiuretic hormone that occurs naturally in that species.
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Some of the molecular requirements for the stimulation of rabbit adenylate cyclase were defined by studies of several neurohypophyseal analogs possessing structural changes in positions 1, 2, 3, 4, 5, 8, and 9 .
This investigation introduces the particulate preparation of renal medullary adenylate cyclase as a tool for the analysis of neurohypophyseal hormone-receptor interactions and indicates that this preparation can be adapted to serve as an in vitro bioassay system for antidiuretic hormonal activity.
The mammalian antidiuretic hormones (vasopressins) promote water reabsorption from the nephron by increasing the permeability to water of the distal convoluted tubules and collecting ducts (1, 2) . There is substantial evidence that vasopressins and related analogs act via the adenylate cyclase-cycic AMP system in the mammalian kidney as well as in amphibian membranes, namely, (a) 3': 5'-cyclic AMP mimics the effects of vasopressin upon isolated kidney tubules (2) and amphibian urinary bladders (3); (b) neurohypophyseal hormones stimulate adenylate cyclase in membrane preparations derived from renal medulla of dog (4), rat (5) (6) (7) , mouse (6) , rabbit (6, (8) (9) (10) , and hamster (11) , and from the epithelium of toad bladder (12, 13) ; and (c) the stimulation of toad bladder adenylate cyclase effected by a set of neurohypophyseal peptides can be correlated with the hydroosmotic response evoked by these peptides in the intact bladder (12) . Abbreviations: AVP, [8-argininel-vasopressin The availability of adenylate cyclase preparations from renal medulla makes it possible to study vasopressin action in a cell-free system, with the elimination of many of the factors (14) that complicate the bioassay of antidiuretic activity in the whole animal. This paper presents: (a) properties of particulate vasopressin-sensitive preparations of adenylate cyclase from the renal medulla of rat, mouse, rabbit, ox, and pig; (b) a comparison of the relative stimulatory effects on these cyclase systems of the natural mammalian neurohypophyseal hormones, [8- .ug of protein) were "I' 15C0 I00 
RESULTS
The basic properties of renal medullary adenylate cyclase have been assessed in rabbit preparations; the formation of cyclic AMP is linear for at least 20 min, both in the absence and presence of 10-6 M AVP (Fig. 1 ). Both basal and AVPstimulated adenylate cyclase activities are directly proportional to the protein concentration of the enzyme preparation in the range 0.6-2.5 mg/ml. Accordingly Mug/ml), insulin (0.5 Mug/ml), and TSH likewise did not affect renal medullary adenylate cyclase. The stimulating activity of AVP, LVP, and oxytocin oln renal medullary adenylate cyclase preparations from the different species was determined by graphic analysis of doseresponse curves. The data were analyzed in terms of (a) the hormone concentration required for half-maximal adenylate cyclase stimulation (regarded as a measure of the affinity of hormone for the receptor component of the system) and (b) the maximal stimulation of adenylate cyclase achieved with saturating concentrations of hormone (regarded as an index of the intrinsic activity of the hormone) (17, 18) . Fig. 2 depicts typical log dose-response curves obtained for AVP, LVP, and oxytocin with adenylate cyclase preparations from rat, rabbit, and pig renal medulla. Table 1 summarizes doses of AVP, LVP, and oxytocin required for half-maximal stimulation of cyclase preparations obtained from five mammalian species. In all these species the half-maximal response to AVP required a dose 100 times smaller than that of oxytocin. The order of the relative affinities was AVP > LVP >> oxytocin in mice, rat, rabbit, and ox; however, LVP had a higher affinity than AVP for the adenylate cyclase obtained from pig. Results summarized in Table 2 show that the relative stimulatory activities of AVP, LVP, and oxytocin upon rat and pig adenylate cyclases correlate directly with the known antidiuretic potencies of these hormones-in the intact animals when assessed in terms of the affinity parameter.
The effects of neurohypophyseal hormone analogs on the rabbit renal medullary cyclase preparation are summarized in Table 3 . The values for affinity and intrinsic activity were obtained from a series of dose-response studies; in each experiment a dose-response curve with AVP serves as con- 
DISCUSSION
These studies show that cell-free preparations of renal medullary adenylate cyclase possess distinctive advantages for the investigation of the mode of action of antidiuretic agents. These preparations are stimulated by neurohypophyseal hormones with high specificity, which indicates that the medullary receptor is highly selective. As the concentration of hormone is increased, the adenylate cyclase activity of the preparations increases until a maximum rate is reached, so that it is possible to determine the relative stimulatory effects of different neurohypophyseal peptides in terms of affinity and intrinsic activity.
Intrinsic antidiuretic activities of reurohypophyseal hormones cannot be determined in vivo because of the many complexities involved in experiments utilizing the response of the whole animal. However, it is possible to compare relative antidiuretic activities of neurohypophyseal hormones (in terms of potency values) with relative activities of the same compounds in the cell-free adenylate cyclase system (in terms of the affinity parameter). Such a comparison in the present study has resulted in the demonstration of a close parallelism between the relative activities of these hormones in the isolated cyclase system and in the whole animal ( Table 2 ).
The observed difference of rat and pig receptors linked to vasopressin-sensitive adenylate cyclase may account for the observation by Sawyer (24) that in the rat the duration of LVP-induced antidiuresis is shorter than the duration of AVP-induced antidiuresis of equal maximum intensity. Conversely, in the pig the effect of LVP is of equal or even greater duration than the effect of AVP (25) . In both cases the phenomena may be related to the corresponding differences in the affinity of the hormonal peptides for the receptor sites (26) .
It is noteworthy that, with renal medullary adenylate cyclase preparations from rabbit (21), mouse (22) , and beef (23) in which species AVP (as in rat) is the natural antidiuretic principle, the relative order of potency of neurohypophyseal hormones is AVP > LVP >> oxytocin, while in the domesticated pig, where the natural antidiuretic hormone is LVP (20) , the order of potency was LVP > AVP >> oxytocin. These results suggest that the renal effector system for antidiuretic hormone is most sensitive to the naturally occurring vasopressin and that change in the structure of vasopressin (probably resulting from genetic mutation in phylogeny) is associated with a complementary change in the The availability of an in vitro vasopressin-sensitive renal cyclase system has also made it possible to study the effects of structural modification of neurohypophyseal hormones in terms of affinity and intrinsic activity. We have examined various structural analogs of neurohypophyseal hormones in an attempt to assess the structural requirements for activation of the vasopressin-sensitive renal medullary cyclase in the rabbit. The significance of these results (see Table 3 ) may be summarized as follows: [deamino-1,6-dicarba]-vasopressin, an analog of AVP in which the N-terminal amino group has been replaced by hydrogen and the disulfide bridge by an ethylene bridge, has approximately the same affinity and the same intrinsic activity in the rabbit adenylate cyclase preparation as AVP. Thus the disulfide bridge of the AVP molecule is not essential for the activation of renal medullary adenylate cyclase, a finding which corroborates our experience with the toad bladder cyclase system (12) . This finding is also in accord with the reported antidiuretic activity of [deamino-1,6-dicarba]-vasopressin (27) and related neurohypophyseal peptides (28) (29) (30) (31) in the intact animal and in model in vitro preparations of amphibian bladder (29) and skin (30) . All these observations show that the disulfide bond is not a prerequisite for neurohypophyseal hormone-induced permeability changes.
Modification of the amino-acid residue in position 8 of AVP was studied with several analogs. We have previously noted (6) that the replacement of arginine by lysine in AVP leads to a decrease in affinity with retention of intrinsic activity. In the present studies the significance of position 8 has been studied in detail. Replacement of L-arginine by its D-isomer leads to moderate reduction in affinity and intrinsic activity. The substitution of the basic chain in position 8 in which the C-terminal carboxamide is replaced by a free carboxyl group, possess a low intrinsic activity in the adenylate cyclase preparation; these compounds have also been found to be weak agonists in vivo (32) . We have reported previously that vasopressinoic acid, in the cell-free rabbit renal medullary cyclase system, is a potent inhibitor of AVP as well as of LVP and oxytocin (8) . In contrast, oxytocinoic acid did not inhibit the AVP-induced activation of adenylate cyclase probably as a result of the low affinity of oxytocinoic acid for the kidney receptor; this contention is supported by the finding that oxytocinoic acid is also a weak antagonist of the oxytocin-induced stimulation of adenylate cyclase ( Table 3 ). The inhibition of AVP-stimulated adenylate cyclase by vasopressinoic acid is pH-dependent and increases with an increase in pH from 7 to 9 (unpublished data).
The high specificity and reproducible response of the cellfree renal medullary adenylate cyclase preparation suggest that this system may be promising for in vitro assay of neurohypophyseal hormones-analogous to the adenylate cyclase bioassay for parathyroid hormone (33) .
The present study indicates that the AVP-sensitive adenylate cyclase preparation is a valuable system for the investigation of the early events in the mechanism of action of neurohypophyseal hormones on the kidney. The striking parallelism of the in vitro action (adenylate cyclase activation) and the in vivo action (antidiuresis) of AVP, LVP, and oxytocin in several species indicates that the potential for selective quantitative modulation of the ultimate response to the hormone can only be realized at the initial hormonereceptor interaction. Furthermore, the use of isolated adenylate cyclase systems for structure-activity studies has yielded information not only about the relative affinity of neurohypophyseal hormonal peptides for their receptor, but also about their maximal stimulatory capacity, a parameter which cannot be evaluated by antidiuretic assays in vivo.
